The central problem of complex inheritance is to map oligogenes for disease susceptibility, integrating linkage and association over samples that differ in several ways. Combination of evidence over multiple samples with 1,037 families supports loci contributing to asthma susceptibility in the cytokine region on 5q [maximum logarithm of odds (lod) ‫؍‬ 2.61 near IL-4], but no evidence for atopy. The principal problems with retrospective collaboration on linkage appear to have been solved, providing far more information than a single study. A multipoint lod table evaluated at commonly agreed reference loci is required for both collaboration and metaanalysis, but variations in ascertainment, pedigree structure, phenotype definition, and marker selection are tolerated. These methods are invariant with statistical methods that increase the power of lods and are applicable to all diseases, motivating collaboration rather than competition. In contrast to linkage, positional cloning by allelic association has yet to be extended to multiple samples, a prerequisite for efficient combination with linkage and the greatest current challenge to genetic epidemiology. T he central problem of complex inheritance is to map oligogenes for disease susceptibility. Even the largest study has low power to map genes of small effect by the complementary methods of linkage and allelic association, and a confirmatory sample is necessary even for genes of large effect. Often the significance of multiple samples is controversial. These considerations favor combination of evidence, for which there are three approaches called meta-analysis, prospective collaboration, and retrospective collaboration.
T he central problem of complex inheritance is to map oligogenes for disease susceptibility. Even the largest study has low power to map genes of small effect by the complementary methods of linkage and allelic association, and a confirmatory sample is necessary even for genes of large effect. Often the significance of multiple samples is controversial. These considerations favor combination of evidence, for which there are three approaches called meta-analysis, prospective collaboration, and retrospective collaboration.
Meta-analysis typically uses published summaries and so is comprehensive. It would be the method of choice if publication did not favor positive results and the data were summarized in a way that distinguishes information, effect, and location, like lod scores for major loci. Unfortunately, studies of complex inheritance differ widely in phenotype definition, selection of families or cases and controls, choice of marker loci, and statistical analysis. The only common denominator is a nominal significance level, which is usually not specified unless it lies beyond an arbitrary threshold. Such material, although peer-reviewed, is subject to many errors and biases but can be used to define candidate regions (1) .
Prospective collaboration is typified by national consortia like the Collaborative Study on the Genetics of Asthma (2) . Each member of the consortium tries to follow the same protocol, including phenotype definitions, sampling scheme, and markers. This effort assures uniformity but makes no use of the many studies with different but equally defensible protocols.
Retrospective collaboration is typified by the international Consortium on Asthma Genetics (COAG). Each member of the consortium provides data published independently with no agreement about protocol. The analysis must be coherent, or else would be no more than a meta-analysis of a subset of data. Weakly parametric analysis achieves coherence by simultaneous estimation of parameters for information, effect, and location in each study. Synthesis is realized by a lod table at fixed points or by averaging estimates of location over studies, weighted by information. Both approaches give a pooled estimate, its significance, and a test of heterogeneity among studies. Because location is common to linkage and allelic association, the two are efficiently combined without prejudging which is more informative in a particular case.
Election of weakly parametric analysis has both advantages and disadvantages. Dominance, penetrance, and gene frequency are jointly summarized by a single parameter for effect. Model misspecification is much less of a problem than for strongly parametric segregation and linkage analysis where the model has low credibility if estimates of its parameters are unreliable, and multiple markers are usually not accommodated. On the other hand, weakly parametric analysis cannot estimate all genetic parameters and therefore can allow only roughly for different types of ascertainment. The optimal method must be determined by data analysis. We expect weakly parametric analysis to be preferable for coarse localization with multiple markers, but fully parametric analysis under a two-locus or mixed model is required to characterize a candidate locus.
Study Design
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of linkage and association to noncognate IgE (3, 4) and weak association to specific IgE (5). A locus for familial eosinophilia maps to D5S816 (6) , and this assignment is supported by a sample of discordant sib pairs (7) . ADRB2 may be associated with asthma and bronchial reactivity (8) . IL-12B shows linkage with atopy in the mouse (9), but not in the human (10) . It would not be surprising if more than one locus in the cytokine region influences susceptibility to asthma or atopy. However, the published samples are small, and phenotypes are variously defined. Significance is rarely strong and often absent.
These inconsistencies motivated the Consortium on Asthma Genetics (COAG), in which participation was solely on the basis of good will and contractual freedom, with no intentional bias for or against negative reports. The studies differ in all possible respects, giving a fair test of retrospective collaboration among a modest number of centers (Table 1) . Asthma prevalence was estimated for children in the general population, by using the random sample, if one was available, or otherwise a closely related population chosen by the contributing investigator. These prevalences were used to estimate phenotype means in the population as described in Statistical Methods. The minimal criterion for affection was a positive answer to the question ''ever had asthma,'' but some studies used more stringent criteria for probands and sometimes secondary cases based on medical records, bronchial hyperreactivity, medication, or symptoms ascertained by questionnaire (19) . Each study reported asthma and one or more other variables related to allergy ( Table 2) . Details are given in the cited references.
Not all typing errors are detected by apparent parentage exclusion. To accommodate residual errors, we constructed a map for each sample, constraining order but not distance. All lods are multipoint (20) , and so they could be evaluated at an interpolated location with no marker in that sample. Eight locations in the cytokine cluster were recognized, subequally spaced, corresponding to markers in the location database LDB (21) and termed reference loci (Table 3) . A multipoint lod table evaluated at commonly agreed reference loci is required by the methods of this paper, whereas variations in ascertainment, pedigree structure, phenotype definition, and marker selection are tolerated.
Statistical Methods. Our sib-pair linkage analysis uses the ␤ model, in which risk factors are multiplicative and the probability of identity by descent is conditional on phenotypes, making the model robust to incomplete ascertainment (22) . Under the null hypothesis that ␤ ϭ 0, the probability of k alleles identical by descent is c k and the corresponding probability under the alternative hypothesis is c k e k␤f ͞⌺ k c k e k␤f , where f ϭ 1 for pairs of affected sibs when normals are excluded. When normals are included we take f ϭ (x Ϫ ) (xЈ Ϫ )͞U, where x,xЈ are the scores for a sib pair and is the mean for a random sample if known. Otherwise, we approximated a random sample as ϭ p A ϩ (1 Ϫ p) N , where p is the population prevalence of asthma (Table  1) and A , N are the means of asthmatics and nonasthmatics in the sample. U is the mean of (x Ϫ )(xЈ Ϫ ) for affected pairs, which therefore have E( f ) ϭ 1. This scaling by U is irrelevant for methods that depend only on 2 , but it gives a meaningful estimate of ␤ and may reduce heterogeneity among studies by making values of ␤ more comparable. Simulation studies have shown good power of the ␤ model under incomplete ascertainment (which is typical of asthma studies), although other methods are more powerful in random samples. Variables like total IgE that are positively skewed were transformed to natural logarithms and standardized as above. r, random nuclear; m, multiplex asthma pedigree; p, nuclear with asthma proband; #, selection on atopic proband. *In general population, estimated by each center from its random sample or secondary sources. 
Because protocols were not uniform, we used principal component analysis to reduce the reported variables to a smaller number. Taking parents and children together in family studies, we extracted the first two principal components of standardized variables in each study (Table 2 ). Where feasible, we adjusted the principal components by stepwise cubic regression on age and sex, retaining terms significant at the 0.05 level. Age was not reported for two samples, but its effect is so small that these samples were retained. The adjusted principal components are termed scores. The atopy score (first component), a general factor that spans allergy and inflammation, assigns nearly equal weight to each standardized variable. The asthma score (second component) assigns positive weights to asthma variables and negative weights to allergy variables, thereby giving the highest score to severe intrinsic asthma and the lowest score to severe allergy without asthma, unaffected individuals being intermediate. The advantage of these scores is that studies with different phenotype variables may be scored nearly orthogonally, so that loci acting on allergy and pulmonary inflammation are discriminated. However, no increase in power was observed.
Multivariate analysis provides a large number of scores, orthogonal or correlated, each optimal under assumptions that may be violated and in any case are not directly related to identification of oligogenes. Therefore, the biological validity of scores will be controversial until susceptibility genes are identified. Although selection of multiplex families through asthmatic probands must increase the power of linkage and association tests, the function of a particular gene may be more closely related to a quantitative trait like atopy, inflammation, or eosinophilia than to an arbitrary dichotomy between asthma and normal. Because of this uncertainty, we considered other variables of possibly greater specificity than the scores: asthma status as a diagnosis of asthma, omitting normals; asthma dichotomy as a 0,1 score for normals and affected; IgE as the logarithm of total IgE adjusted for covariance with cubic terms in age and sex; asthma index as the mean of atopy and asthma scores; and atopy index as the mean difference of those scores. These orthogonal indices are specific for asthma and atopy, whereas the scores provide a general factor and a contrast between asthma and atopy.
Interpolation in a dense multilocus map is reliable, but extrapolation beyond flanking markers cannot be trusted. We therefore censored lods in each sample beyond the flanking reference loci, reducing proximal and distal information. The utility of markers outside the candidate region is now evident. An additional constraint is that power to detect allelic association is low because allele codes and marker loci are study specific, markers are spaced at mean distances exceeding 1 cM, and multiple alleles may be grouped in different ways. Pending a dense map of diallelic polymorphisms, little use can be made of allelic association. Methods for combination of samples are based on simulation studies that favor three approaches. Self and Liang (23) considered a commingled 2 distribution that under H 0 is expected to give evidence against linkage in half the samples, which are assigned 2 ϭ 0. This method appears to be more powerful than maximum likelihood (ML) scores with heterogeneous data (24) . If u i is the ML score for the i th sample with information k i , with U ϭ ⌺u i and K ϭ ⌺k i , then the corresponding lod is Z 0 ϭ U 2 ͞K (2 ln 10), and the first step in Newton-Raphson iteration gives a rough estimate of the mean effect ␤ as U͞K. On the assumption that ␤ is constant among samples, iteration over all samples gives ␤ and likelihood-based lod Ẑ . Under the ␤ model for pairs of affected sibs, the i th region contributes ␤ i to the total genetic effect ⌺␤ i , where the risks to sibs relative to the general population are i ϭ exp(␤ i ) and ϭ exp (⌺␤ i ), respectively (25) . We do not use the sum of lods over n samples, because estimation of ␤ in each of n samples accounts for n degrees of freedom and makes this test least powerful even in replicate samples (24) .
Asthma. In a population with prevalence 0.038 for asthma, the value of ␤ estimated from recurrence in relatives was 1.06 Ϯ .14 (25) . Under a multiplicative model, specific loci contribute additively to ␤. Even large samples do not have high power to detect through linkage a locus-specific effect as small as 0.1 (22) . It would therefore be surprising if more than a handful of candidate loci could be convincingly demonstrated by linkage.
As expected, evidence from asthmatic sib pairs for an effect of the cytokine cluster is modest (Table 4) . Two small samples were omitted: GerF with 18 pairs and AuB with four pairs. Six samples give positive lods over all or most of the region, whereas three samples give no positive lods within flanking markers. This evidence can be assessed in several ways ( Table 5 ). Linkage of asthma status to the proximal region is significant by the Self and Liang approach that is favored in simulation studies (24) . Fitting a parabola to the values for the first three reference loci, the maximal lod is 2.61, with conservative significance level less than 1͞antilog ϭ .0025. Asymptotic theory gives 2 1 ϭ (2 ln 10)2.61 ϭ 12.00, with corresponding 1-tailed significance level 0.00027. As usual, this asymptotic level is an order of magnitude less than the conservative test (26) . Although the data do not reach the conventional lod of 3, they confirm other claims of linkage to this region. A conservative 90% confidence interval is given by all lods above 1.61, and therefore includes IL-4 and IL-13 but not the more distal IL-9. Affected sib pairs give stronger evidence than any of the dichotomies or quantitative traits that we analyzed.
The distal part of the cytokine region gives a smaller maximal lod, estimated by quadratic interpolation to be 1.53, with conservative significance level Ͻ0.029 and asymptotic level 0.0039. The asthma index gives by interpolation a higher lod of 2.10, corresponding to a conservative significance level Ͻ0.0080 and asymptotic level 0.00094. This index is selected as an extremum, and so there is insufficient reason to prefer it to asthma status. Together, they provide confirmation of one or more oligogenes near ADRB2 with modest effects on asthma susceptibility.
Atopy. The logarithm of total IgE and other measures of atopy do not approach significance by any method in any study (data not shown) nor overall (Table 6 ). Several metrics have a maximum proximal to the recognized cytokine interval, although we did not extrapolate beyond tested markers. Study-specific genetic maps were used to minimize effects of typing errors, which tend to displace maxima toward flanking markers. Because maxima distal to ADRB2 were not observed, the proximal maxima may be a chance variation among very small lods. The IL-4 region is farthest from significance.
Discussion
Disagreement about study design is characteristic of complex inheritance. Probands may be children (12, 15) or adults (14, 16), selected through affection or a correlated trait (12, 16) . Some studies concentrate on affected sib pairs or extended pedigrees. Ostensibly random families may be preferred in populations with high prevalence (13) . Association tests introduce case-control and other study designs. Measurement and interpretation of quantitative traits such as serum total IgE, specific IgE, skin prick tests, and bronchial hyperreactivity often differ among studies. These factors could create heterogeneity, favoring statistical methods that stratify by sample. The only suggestion of heterogeneity is that most of the evidence for asthma susceptibility comes from the two British samples (Table 4) . We have no convincing explanation for this possible difference. Because this is only one partition of the samples among many, we do not attempt to test its significance. However, future studies of linkage and especially association should distinguish the British samples. Notwithstanding possible heterogeneity, we have succeeded in combining evidence over samples, confirming that the 5q candidate region has oligogenes affecting asthma susceptibility. We failed to identify a candidate locus for atopy, which has three possible explanations. First, there may be no gene in the 5q cytokine cluster with an effect on atopy large enough to be detected by linkage, even when 10 samples are pooled. Second, the genes implicated in atopy may differ so much among populations that combined analysis must fail. This extreme diversity is not the case for ABO and HLA associations with disease nor for malaria-dependent polymorphisms; it does not seem to be true for asthma, and no study approaches significance for atopy. Third, although participation in COAG was intended to be unbiased, there may have been selective nonparticipation of studies with significant results (3, 7, 27, 28) . However, many negative studies also did not join this consortium, which at the outset did not have convincing evidence that retrospective collaboration would add value to reports of single studies. Estimated effects ␤ are subject to large error, but ␤ in Table 5 is 0.156 at IL-4 and 0.092 at ADRB2, corresponding to substantial risk for asthma attributable to the 5q cytokine region. The contribution to genetic effects on asthma is estimated to lie between 15% and 23% (25) , which is as great as can reasonably be expected in a sample without participation bias. It would be surprising if there were such bias for atopy in studies ascertained mostly through asthma.
Finally, another analysis might be more powerful through an alternative metric such as eosinophilia, forced expiratory volume (FEV1), or noncognate IgE (3), or through a different statistical method that might provide better control over typing error or use the data more efficiently. Study-specific map distances may not be the best way to control spurious crossing over because of typing error, but limited experience suggests that exclusion of loci with notable typing error does not increase power (29) , and locus-specific error filtration is in its infancy. Zhang et al. (24) did not find large differences in power by using alternative linkage methods. Refinement of lods to increase power would not alter methods to combine linkage evidence over studies.
With dense markers, allelic association (linkage disequilibrium) might be more powerful than linkage, as Risch and Merikangas (30) have suggested. Their calculations assume that a causal polymorphism is included among several hundred thousand polymorphisms in a genome scan. Methods for positional cloning by allelic association are a topic of active and perhaps frenetic research, because linkage has been disappointing. Allelic association is robust to ascertainment bias and marker mistyping that distorts the linkage map, but methods to exploit allelic association are primitive and largely untested. Should the unit of analysis be an allele, a set of alleles pooled by a test of significance, or all alleles at a locus without regard to individual significance? Which of many metrics is optimal? How can a large number of loci be represented by a composite likelihood that will evade a heavy Bonferroni correction for the multitude of polymorphisms required for an efficient genome scan by allelic association, estimated to be from 30,000 (31) to 500,000 (32) ? Because an allele may be either positively or negatively associated with a disease, the Self and Liang approach that is perhaps optimal for linkage is not applicable to combination of evidence for linkage disequilibrium. What approach is most suitable? Although progress is being made in positional cloning of oligogenes by allelic association, these questions have not been answered. Both simulated and real data like the COAG collaboration will help resolve these issues. As candidate loci are confirmed and elucidated there will be progress in phenotype definition, error filtration, and efficient synthesis of linkage and association.
We are grateful to the members of the Collaborative Study on the Genetics of Asthma (CSGA), who chose not to join the international consortium but generously contributed their data. Many people in the research groups of the authors participated in this collaboration. They are cited in the references, which report the grants that supported their work. COAG was founded under a grant from the National Asthma Campaign, and the analysis presented here was supported by the Medical Research Council. 
